Employing multireference variational methods ͑MRCI͒, we have constructed full potential-energy curves for the ground state (X 3 ⌬) and forty excited states of the diatomic carbide, FeC. For all states we report potential-energy curves, bond lengths, dissociation energies, dipole moments, and certain spectroscopic constants, trying at the same time to get some insight on the bonding mechanisms with the help of Mulliken populations and valence-bond-Lewis diagrams. For the X 3 ⌬ state at the MRCI level of theory, we obtain a dissociation energy D e ϭ86.7 kcal/mol at a bond length r e ϭ1.581 Å. These values compare favorably to the corresponding experimental ones, D e ϭ91.2Ϯ7 ͑upper limit͒ kcal/mol and r e ϭ1.5924 Å. The first excited state ( 1 ⌬) is predicted to be 9.7 kcal/mol above the X-state as compared to an experimental value of 9.786 kcal/mol.
I. INTRODUCTION
Continuing our effort to rationalize the electronic structure and bonding in the diatomic metal carbide series ͑neutral or cations͒ M-C, 1, 2 Mϭfirst row transition metal element, we report the theoretical investigation of the iron carbide ͑Fe-C͒ molecule. In particular, we present high level multireference variational calculations on a total of 41 states, covering an energy range of about 4 eV.
Due to the obvious interest, practical and/or academic in the organometallic bond, 3 diatomic metal carbides constitute interesting, nominally simple systems, which can be thoroughly studied and used as models for the more complex polyatomic organometallic compounds. However, despite their relative simplicity M-C (MϭSc,Ti,V,...) diatomics are not so easily cracked nuts, the reason being the well known complexity inherent in all systems bearing first row transition metal atoms. 4 Perhaps this is the reason why ab initio calculations on the M-C series are not abundant. 2, 4 Indeed, we are aware of only three ab initio [5] [6] [7] and one density functional ͑DFT͒ study 8 on the FeC molecule. The Nash et al. work 5 deals with the FeC, FeC 2 , and FeC 3 carbides at the SCF, MP4, and DFT level of theory. The Shim and Gingerich work 6 involves the examination by multireference variational methods and double zeta quality basis sets of the ground (X 3 ⌬) and a number of low-lying excited states of FeC. Their results will be contrasted with ours in due course. Hirano and co-workers 7 examined the ground ( 3 ⌬ 2,3 ) and two excited states, namely, the 1 ⌬ and 5 ⌸ 1,2 , employing multireference methods and large basis sets including ͑scalar͒ relativistic corrections. We touch upon their results as we move along.
On the experimental side, Balfour et al., 9 using laserinduced fluorescence spectroscopy, determined for the first time that the ground state of the FeC in the gas phase is of 3 ⌬ i symmetry, with bond distance͑s͒ r 0 ϭ1.596 ͑1.591͒ Å for the X 3 ⌬ 3 (X 3 ⌬ 2 ) state. In addition, two electronic excited states of ⍀(ϭ͉⌳ϩ⌺͉)ϭ3 symmetry and their relative position with respect to the ground state have been identified. 9 In 1996 Allen et al., 10 observing for the first time the pure rotational spectrum of FeC, confirmed that the ground state is of 3 ⌬ symmetry and determined accurately the ground state rotational constant of 
͒.
Six new electronic states of FeC have been determined and located relative to the ground state by Brugh and Morse 11 by resonant two-photon ionization spectroscopy. Three of these states have ⍀ϭ3, one has ⍀ϭ4 ( 3 ⌽ 4 ), and two possess ⍀ϭ2. Having also obtained the ionization energy ͑IE͒ of FeC to be 7.74Ϯ0.09 eV, they were able to ͑indirectly͒ determine its bond strength (D 0 Following the philosophy of our previous work on similar systems, 1, 2, 17 for all 41 states studied we report potentialenergy curves ͑PEC͒, total energies ͑E͒, binding energies (D e ), bond distances (r e ), dipole moments ͑͒, spectroscopic parameters and charge distributions. Emphasis has been given in deciphering the bonding process with the help of Mulliken populations and simple valence-bond-Lewis ͑vbL͒ diagrams.
In Sec. II we define the technical approach followed; in Sec. III we present some related atomic numerical results, our main body results are discussed in Sec. IV, and some final conclusion and comments are presented in Sec. V.
II. TECHNICAL CONSIDERATIONS
For the Fe atom the ANO basis set of Bauschlicher 18 (20s15p10d6 f 4g) has been used but without the g functions; for the C atom the correlation consisted basis of triple-z quality of Dunning, 19 cc-pVTZϭ(10s5 p2d1 f ) was employed. Both sets were generally contracted to ͓(7s6 p4d3 f ) Fe /(4s3 p2d1 f ) C ͔, thus containing 96 spherical Gaussian functions. However, and in order to monitor our results, three out of the 41 examined states, namely the ground (X 3 ⌬), and the first two excited states ( 1 ⌬, 3 ⌺ Ϫ ), were re-examined using the complete Bauschlicher basis (ϩg) and the cc-pVQZ for the carbon atom contracted to ͓(7s6 p4d3 f 2g) Fe /(5s4p3d2 f 1g) C ͔, numbering 139 functions ͑''large basis''͒.
We are confronted here with an inherently multireference system of 12 ''valence'' ͑active͒ electrons; therefore, the only methodology that can cope with such a system, particularly if one wishes to construct full potential-energy curves ͑PEC͒ and a multitude of excited states, is a complete active space self consistent field (CASSCF)ϩconfiguration interaction ͑CI͒ approach, specifically, CASSCFϩsingle ϩdouble replacementsϭMRCI. Twelve valence electrons (3d 6 4s 2 on Feϩ2s 2 2p 2 on C͒ were distributed to 10 orbitals ͑one 4s and five 3d's on Feϩone 2s and three 2p's on C͒. Depending on the spin multiplicity and the spatial symmetry of the state, our reference space͑s͒ ͑CAS͒ ranges from 268 ( 7 ⌺ Ϫ ) to 5220 ( 3 ⌸) configuration functions ͑CF͒, with corresponding MRCI spaces ranging from 10 218 942 ( 7 ⌺ Ϫ ) to 66 339 660 ( 3 ⌺ ϩ ) CFs. By applying the internal contraction ͑icMRCI͒ technique, 20 the number of CFs is reduced dramatically ranging from 310 000 to 1 210 000 CFs, thus making the calculations feasible and with tolerable losses in total energies. 17 The corresponding numbers using the large basis set, for the X 3 ⌬ state for instance, are 160 182 461 CFs reduced to about 1 600 000 CFs upon enforcing the icMRCI approach. To estimate core (3s 2 3 p 6 ) correlation effects, ic-MRCI calculations were performed out of the 12e Ϫ CASSCF spaces including the 8 Fe core electrons, with the small and the large basis sets, for the ground X 3 ⌬ state and for the first ( 1 ⌬) and second ( 3 ⌺ Ϫ ) excited states and for a few points around the equilibrium. These calculations will be referred to as C-MRCI. It is of interest to mention that the number of CFs involved in the C-MRCI ͑icC-MRCI͒ computations are 723 362 352 ͑15 500 000͒, and 1 757 617 193 ͑24 340 000͒ with the small and the large basis sets, respectively for the X 3 ⌬ and 2 3 ⌺ Ϫ states. These numbers rationalize our choice of the basis set, ''small,'' and valence correlation approach for obtaining potential-energy curves for more than 40 FeC states.
All calculations were done under C 2 symmetry constraints, nevertheless care was taken for our CASSCF wave functions to posses the correct axial angular momentum symmetry, i.e., ͉⌳͉ϭ0(⌺ Ϯ ), 1 ͑⌸͒, 2 ͑⌬͒, 3 ͑⌽͒, 4 ͑⌫͒, and 5 ͑H͒. This means that ⌬ and ⌫ states are linear combinations of A 1 and A 2 symmetries, ⌸, ⌽, and H states are combinations of B 1 and B 2 symmetries, while ⌺ ϩ and ⌺ Ϫ states correspond to the A 1 and A 2 symmetry species, respectively. Of course, MRCI wave functions do not display, in general, pure ͑spatial͒ angular momentum symmetry, but rather A 1 ͑or A 2 ͒ and B 1 ͑or B 2 ͒. With the exception of the ground, the first and second excited states, the state average ͑SA͒ approach 21 was applied for all other states. Finally, for the X 3 ⌬ state coupled cluster calculations were done, with ͑C-CCSD͑T͒͒ and without ͑CCSD͑T͒͒ the 3s 2 3 p 6 Fe core electrons. However, we were able to converge these ͑T͒ calculations using only CASSCF orbitals to construct the ͑single͒ reference function. Lastly, the basis set superposition error ͑BSSE͒ was estimated for the ground state by the usual Boys-Bernardi approach. 22 Due to the relatively large number of active electrons ͑12͒, we encountered significant size-nonextensivity problems, 9-10 mh at the MRCI level and for all states; by including the Davidson correction 23 for unlinked clusters ͑ϩQ͒, the nonextensivity error was almost vanished, dropping to an average of 0.3 mh.
All calculations were performed with the MOLPRO 2000 suite of codes. ⌫ and 1 H. Subscripts G and L refer to global and local minima, respectively. Figure 1 shows relative energies of all states studied covering an energy range of 3.7 eV, while Fig. 2 presents the totality of PECs. Each excited state has been labeled with a serial number in front of the symmetry symbol revealing its absolute energy order with respect to the ground ͑X͒ state, and a number in parentheses indicating its absolute order within the same space-spin symmetry manifold. Figures 3-10 present separately the PECs, according to their spin multiplicity.
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III. THE Fe AND C ATOMS
IV. RESULTS AND DISCUSSIONS
In the ensuing discussion we analyze first the triplets followed by the quintets, and then the septets 
Notice that our orbital notation refers only to the 12 valence electrons, i.e., we do not number the doubly occupied six and four ''core'' orbitals; ͉A 1 ͘ϩ͉A 2 ͘ gives the spatial symmetry of the wave functions in C 2 , and the acronym ''CASSCF'' ͑or ''MRCI''͒ refers to the origin of the leading variational coefficient͑s͒, 0.81 in the present case in the CASSCF wave function.
In agreement with the experimental results [9] [10] [11] 14 and recent ab initio calculations, 6 ͑0.23͒ e Ϫ at the CASSCF ͑MRCI͒ level from Fe to C. Due to the avoided crossing previously mentioned, diabatically, the X 3 ⌬ state correlates to Fe( 5 F)ϩC( 3 P), therefore, with respect to these products, i.e., the internal bond strength is, 86.7ϩ⌬E( 5 F← 5 D)ϭ109.6 kcal/mol ͑Table I͒ at the C-MRCI/large level. Clearly, and for obvious reasons, the 3d x 2 Ϫy 2 (␦ ϩ ) and 3d xy (␦ Ϫ ) are nonbonding observer electrons and the same holds for all states studied.
We believe that this is the second excited state 10.3͑6.9͒, or 14.1͑10.8͒ kcal/mol above the X state at the MRCI͑ϩQ͒ levels of theory, respectively, competing with the 1 ⌬ state whose corresponding energy distance͑s͒ from the X state is 9.8͑9.4͒, or 9.7͑9.5͒ kcal/mol ͑vide infra͒, 6 At infinity we start with the product wave function ͉ 5 D;M ϭ0͘ Fe ϫ͉ 3 P;M ϭ0͘ C , the character of which seems to be maintained along the internuclear distance despite its interaction with the 16 3 ⌺ Ϫ (2) around 5.7 bohr. The strong multireference character of this state does not allow for a simple bonding description; we rather have two and one bond, the latter caused by a transfer of 0.8 e Ϫ to the C 2p z orbital from a (4s4 p z 3d z 2) 4.0 hybrid on Fe, in accordance to the CASSCF population analysis ͑Fe/C͒ 4s 
The PEC of this state, Fig. 4 Clearly, we have two bonds and a charge transfer of 0.52 e Ϫ from the metal to the carbon atom along the frame; as to the frame a 0.16 e Ϫ transfer from C to Fe is observed, but we cannot assert the existence of a bond. Pictorially with the 3d x 2 Ϫy 2( ␦ ϩ ), 3d xy (␦ Ϫ ), 3d z 2( 3d ) and 2p z electrons coupled into a triplet. 11 do not agree with our findings ͑Table II͒. As a matter of fact it seems that the experimental assignement is not correct. Considering the overall good to very good agreement with all other experimental results on this system, we believe that a re-evaluation of the experimental findings is in order. 20 3 ⌸(3). The leading CFs are the same with those of the previously described 18 3 ⌽ (1) Fig. 3 shows, we were unable to construct its complete PEC due to technical difficulties. As a matter of fact the PEC's part from 5.0 to 3.6 bohr is missing. Even around equilibrium our PEC is not ''smooth'' enough. It seems that the in situ equilibrium atoms carry the same character with the asymptotic fragments and the bonding appears to consist of a 1/2 and one bond.
Finally, we would like to mention our unsuccessful efforts to compute a 3 ⌺ ϩ (1) state. Its asymptotic fragments are Fe( 5 D;MϭϮ1)ϩC( 3 P;Mϭϯ1), and we were only able to construct its PEC from infinity to 4.3 bohr and from 3.4 to 2.5 bohr ͑Fig. 3͒. However, we do not have any points close to equilibrium position, which we surmise to be at about 3.6 bohr. 2) 3.0 hybrid; 0.64 e Ϫ are transferred from this hybrid to the empty 2p z C orbital.
B. Quintets
This state traces its ancestry to Fe( 5 D;Mϭ0) ϩC( 3 P;Mϭ0) as shown in Fig. 6 . In Table II The bonding is similar to that of the 3 5 ⌸(1) state, the difference being that in the present state the bond is due a 4s 2 (Fe)→2 p z (C) instead of 3d z 2( Fe)→2 p z (C) electron transfer.
At infinity we have Fe( 5 D;MϭϮ1)ϩC( 3 P;Mϭϯ1). As we approach the PEC's minimum and around 4.5 bohr, an avoided crossing takes place with the higher ͑not calculated͒ 5 ⌺ ϩ (2) state resulting to a barrier of 2 kcal/mol with respect to the asymptotic products ͑Fig. 6͒, and a character change of the in situ equilibrium atoms to Fe( 5 F;MϭϮ1)ϩC( 3 P;M ϭϯ1). Our MRCI atomic Mulliken populations and leading CFs The cause of the bond is a 0.3 e Ϫ transfer from the p z orbital on C to the (4s4 p z 3d z 2) 2.0 hybrid on Fe; to the opposite direction and via the frame 0.63 e Ϫ migrate from the Fe to C giving rise to the bond.
This is a complicated state whose PEC, shown in Fig. 5 
This state correlates to Fe( 5 D;MϭϮ2)ϩC( 3 P;Mϭ Ϯ1), maintaining this character up to the first local ͑L͒ minimum, r e ϭ3.838 bohr, Fig. 5, and D Notice the totally different distributions of the C atom between the L and G ''isomers'' characteristic of the MϭϮ1, and Mϭ0 carbon terms, respectively; corresponding differences in the metal are not so distinct. With the help of the populations and leading CFs, the following bonding diagrams can be drawn for the L and G minima, respectively
The previous diagrams imply 3/2 bonds and a strong interaction in the L case, and a and 1/2 bond in the G case.
C. Septets: 9 7 ⌬"1…, 10 7 ⌸"1…, 13 7 ⌺ À "1…, 22 7 ⌬"2…, 25 7 ⌸"2…, 27 7 ⌺ ¿ "1…, 28 7 ⌺ À "2…, 30 7 ⌸"3…, and 31 7 ⌽"1… 9 7 ⌬(1), 22 7 ⌬(2). Asymptotically, these two states are described by the product wave functions ͉ 5 D;MϭϮ2͘ ϫ͉ 3 P;Mϭ0͘ and ͉ 5 D;MϭϮ1͘ϫ͉ 3 P;MϭϮ1͘, respectively, with their PECs given in Fig. 7 . The equilibrium CASSCF leading CFs ͑symmetry A 1 ͒ for the 9 7 ⌬(1) The examination of the leading CFs in conjunction with the Mulliken analysis indicates the formation of a bond according to the scheme ͑B 1 symmetry͒ Again, a strong disagreement is observed between our T e value and the value of SG 6 ͑Table II͒. The leading CFs and the above-mentioned distributions suggest the following bonding picture
The bonding is comprised of a 1/2 bond and a interaction due to a transfer of 0.35 e Ϫ from the Fe 4s 2 orbital to the 2p z C orbital, and a promotion of 0.42 e Ϫ to the Fe 4p z orbital.
Leaving now the L minimum, a third avoided crossing takes place at 3.65 bohr with the ͑not calculated͒ 7 ⌸(4) state, which has suffered already at least a second avoided crossing ͑the first one was described previously͒, imparting, finally, a rather ionic character to the G minimum, Fe ϩ ( 6 D;MϭϮ1)ϩC Ϫ ( 4 S). We hasten to add, however, that we are not certain about this conclusion because it is not corroborated by the electron transfer as deduced from the population analysis.
Two more avoided crossings are encountered at the repulsive part of the PEC: The fourth one at 3.4 bohr with the consistent with the formation of two bonds and the transfer of 0.54 e Ϫ via the frame from Fe to the C atom. As usual the interaction is not so clear; we can only say that 0.24 e Ϫ migrate back from the C to the Fe atom through the frame, populating the 4p z orbital of the latter: 0.40 e Ϫ Ϸ0.24 ϩ0.12 ͑from 3d z 2͒ ϩ0.02 ͑from 4s͒. In other words, the interaction is caused by promoting 0.40 e Ϫ to the 4p z ͑empty at infinity͒ Fe orbital. However, we would like to remark that the PEC's shape ͑Fig. 9͒ is not very ''natural,'' reminiscent of an harmonic oscillator potential. It should be mentioned that we were unable to converge CASSCF energy points in the region 3.9 to 4. 4 
